Retroviruses encapsidate two molecules of genomic RNA that are noncovalently linked close to their 5 H ends in a region called the dimer linkage structure (DLS). The dimerization initiation site (DIS) of human immunode®ciency virus type 1 (HIV-1) constitutes the essential part of the DLS in vitro and is crucial for ef®cient HIV-1 replication in cell culture. We previously identi®ed the DIS as a hairpin structure, located upstream of the major splice donor site, that contains in the loop a sixnucleotide self-complementary sequence preceded and followed by two and one purines, respectively. Two RNA monomers form a kissing loop complex via intermolecular interactions of the six nucleotide self-complementary sequence. Here, we introduced compensatory mutations in the self-complementary sequence and/or a mutation in the¯anking purines. We determined the kinetics of dimerization, the thermal stabilities and the apparent equilibrium dissociation constants of wild-type and mutant dimers and used chemical probing to obtain structural information. Our results demonstrate the importance of the 5 H -¯anking purine and of the two central bases of the self-complementary sequence in the dimerization process. The experimental data are rationalized by triple interactions between these residues in the deep groove of the kissing helix and are incorporated into a three-dimensional model of the kissing loop dimer. In addition, chemical probing and molecular modeling favor the existence of a non-canonical interaction between the conserved adenine residues at the ®rst and last positions in the DIS loop. Furthermore, we show that destabilization of the kissing loop complex at the DIS can be compensated by interactions involving sequences located downstream of the splice donor site of the HIV-1 genomic RNA.
Introduction
A unique feature of retroviruses is that they encapsidate a dimer of positive genomic RNA. Early electron microscopy studies showed that the two molecules are held together in a region called the dimer linkage structure (DLS) located close to their 5 H end Kung et al., 1976; Bender et al., 1978; Murti et al., 1981) . The dimeric nature of the retroviral genome was proposed to be linked to key steps of the retroviral life cycle, such as reverse transcription and recombination (Panganiban & Fiore, 1988; Hu & Temin, 1990; Temin, 1991 Temin, , 1993 Stuhlmann & Berg, 1992; Mikkelsen et al., 1996) , translation of the gag gene (Bieth et al., 1990; Baudin et al., 1993) , and selective packaging of the genomic RNA (for reviews, see Linial & Miller, 1990; Gorelick et al., 1991; Rein, 1994; Darlix et al., 1995) . However, efforts to demonstrate the biological role of the DLS were hampered by the fact that the sequences involved in the intermolecular contacts between the two genomic RNA molecules were not identi®ed. Recently we identi®ed the dimerization initiation site (DIS) of the genomic RNA of the MAL isolate of the human immunode®ciency virus type 1 (HIV-1) by combining chemical interference experiments and site-directed mutagenesis in vitro Skripkin et al., 1994) . The DIS consists of a short sequence located between the primer binding site (PBS) and the major splice donor site (SD) that folds into a stem-loop structure ( Figure 1A and B). In vitro, the DIS constitutes the essential part of the DLS of HIV-1 MAL (Paillart et al., , 1996a Skripkin et al., 1994) and HIV-1 LAI (Laughrea & Jette Â, 1994 Muriaux et al., 1995) . When mutations are introduced in the H end of HIV-1 genomic RNA. R, repeat sequence; U5, unique sequence at the 5 H end of the genome; PBS, primer binding site, DIS, dimerization initiation site; SD, splice donor site; AUG, start codon of gag translation. B, Analysis of the DIS loop sequence of 29 HIV-1 and two related SIVCPZ isolates shown on the stem-loop structure of the DIS. The isolates included in the analysis were: U455 (accession number M62320), IBNG (L39106), SF2 (K02007), LAI (K02013), HXB2R (K03455), NY5 (K03346), NL43 (M19921), MN (M17449), JH31 (M21137), JRCSF (M38429), JRFL (M74978), OYI (M26727), CAM1 (D10112), CDC41 (M13136), HAN (U43141), P896 (M96155), D31 (U43096), RF (M17451), YU2 (M93258, BCSG3C (L02317), YU10 (M93259), 320A12 (U34603), 320A21 (U34604), WEAU160 (U21135), ELI (K03454), Z2Z6 (M22639), NDK (M27323), ANT70 (M31171), MAL (K03453), CPZGAB (X52154) and CPZANT (U42720) (Myers et al., 1995) . C, Schematic representation of the kissing loop complex formed by the HIV-1 MAL RNA. D, Variant RNAs used in this study. The sequence corresponding to the wild-type DIS loop is written in white in the black box. Deletions are indicated by broken lines, substitutions by bold underlined letters, and the insertion/ substitution by underlined italic.
HIV-1 RNA Dimerization
DIS of an infectious clone, the replication rate of the viral clones is reduced (Berkhout & van Wamel, 1996; Haddrick et al., 1996; Paillart et al., 1996b) and a signi®cant fraction of the genomic RNA is monomeric (Haddrick et al., 1996) . Indeed, substitutions or deletions in the DIS stem-loop reduce infectivity of the mutant virions up to 1000-fold (Paillart et al., 1996b) . Mutations of the DIS affect at least two steps of the HIV-1 life cycle: encapsidation of the genomic RNA (Berkhout & van Wamel, 1996; McBride & Panganiban, 1996; Paillart et al., 1996b) and synthesis of the proviral DNA (Paillart et al., 1996b) . No effect of these mutations is detected on the synthesis of the Gag-Pol polyprotein in vivo (Berkhout & van Wamel, 1996; Paillart et al., 1996b) .
The dimerization mechanism of fragments of HIV-1 genomic RNA containing parts or the entire 5 H untranslated region has been extensively investigated in vitro. It was initially proposed that dimerization of the HIV-1 genome could involve formation of purine quartets (Marquet et al., 1991; Awang & Sen, 1993; Sundquist & Heaphy, 1993; Weiss et al., 1993) . However, it is now well established that this mechanism takes place only when using RNA fragments lacking the 5 H end of the viral genome, and is irrelevant to the dimerization of HIV-1 genomic RNA in vivo (Fu et al., 1994; Marquet et al., 1994 Marquet et al., , 1996 Skripkin et al., 1994; Haddrick et al., 1996) . Identi®cation of the DIS as the essential element of the DLS allowed us to propose another dimerization mechanism, the kissing loop complex , that has received strong experimental support (Laughrea & Jette Â, 1994 Paillart et al., 1994 Paillart et al., , 1996a Skripkin et al., 1994 Skripkin et al., , 1996 Muriaux et al., 1995 Muriaux et al., , 1996 Clever et al., 1996; Haddrick et al., 1996) . We have proposed that dimerization of HIV-1 RNA is mediated by a symmetric intermolecular interaction involving the six nucleotide self-complementary sequence located in the DIS apical loop ( Figure 1C ; Skripkin et al., 1994) . Indeed, any mutation that perturbs the self-complementarity of this sequence prevents dimerization Skripkin et al., 1994) , while introduction of compensatory mutations restores the process . Furthermore, two RNAs with point mutations in the six nucleotide self-complementary sequence that prevent formation of homodimers are able to heterodimerize when the mutated sequences are complementary to each other . Contrary to the kissing loop complexes formed by antisense regulatory RNAs with their sense RNA targets, the kissing loop complex formed by the HIV-1 DIS is not converted into an extended duplex in vitro (Paillart et al., 1996a) , unless non-physiological conditions, such as high temperature, low ionic strength or absence of divalent cations, are used (Laughrea & Jette Â, 1996b; Muriaux et al., 1996) .
A self-complementary sequence in the DIS loop is an absolute requirement for dimerization of HIV-1 RNA, but it is not a suf®cient condition.
Sequence comparison of more than 30 HIV-1 and related simian immunode®ciency virus (SIVCPZ) isolates reveals that only a tiny fraction of the possible six nucleotide self-complementary sequences are found naturally (Figure 1B; Berkhout, 1996; Paillart et al., 1996c) . Futhermore, the three nucleotides¯anking the self-complementary sequence in the loop are highly conserved: these are most often adenine and almost always purines ( Figure 1B) . The importance of the purine residues is supported by recent experimental evidence. Indeed, antisense DIS RNA, which contains the same self-complementary motif in the loop as the sense RNA, does not dimerize (Clever et al., 1996; Skripkin et al., 1996) . Likewise, a sense DNA version of the DIS is also unable to dimerize , suggesting that the intrinsic structure of the DIS stem-loop is a key determinant of the dimerization process.
Here we focus on the role of the purine residues surrounding the self-complementary sequence of the DIS loop on the dimerization process. Several RNA variants were constructed by site-directed mutagenesis. We determined the kinetics of dimerization of the RNAs, and the apparent dissociation constants and the thermal stabilities of the dimers. These data, combined with detailed chemical probing information, were integrated into a three-dimensional model of the RNA dimer. The three purine residues are directly involved in the formation of the kissing loop dimer via the formation of non-canonical interactions. The DIS represents the ®rst example of a kissing loop complex involving such interactions.
Results
We used site-directed mutagenesis to study the importance of the purine residues¯anking the selfcomplementary sequence of the DIS in the dimerization process. We also introduced mutations in the self-complementary sequence to test the possible formation of base triples with these purines. For each mutant RNA, we analyzed the dimerization yield and, when signi®cant dimerization was observed, the dimerization kinetics and the thermal stability of the RNA dimer. First, all mutations were introduced in an RNA corresponding to nucleotides (nt) 1 to 615 of HIV-1 MAL. In addition to the DIS, it contains sequences, named 3 H DLS, located downstream of the major splice donor site (SD, nucleotides 305-306) which are not required for dimerization, but participate in the stabilization of the dimer of HIV-1 MAL RNA Paillart et al., 1994; Skripkin et al., 1994) . In order to assess the relative roles of the DIS and 3 H DLS, several of the mutations were also introduced in an RNA corresponding to nucleotides 1 to 311 of HIV-1 MAL.
Kinetics of dimerization and stability of the 1-615 RNA dimers Sequence analysis of 29 HIV-1 and 2 SIVCPZ isolates indicates that the three purine residues of the DIS loop are conserved in all but four isolates ( Figure 1B ). In two of them (HIV-1 OYI and SIVCPZ GAB), one adenine located 5
H to the selfcomplementary sequence is deleted, while in two others (HIV-1 ANT70 and SIVCPZ ANT) nucleotides 272 and 280 form a Watson± Crick base-pair extending the DIS stem ( Figure 1B) . Two RNA mutants were constructed in order to test the effects of deletion and of base-pairing of these purines, which are normally unpaired in the kissing loop complex ( Figure 1C ). In the ®rst one, nucleotides 272, 273 and 280 were deleted (DISÁR), while in the second one, nucleotide 280 was replaced by the dinucleotide CU, which is complementary to nucleotides 272-273 (DISCU; Figure 1D ). The absence of unpaired purines in the kissing loop strongly affects the kinetics of dimerization of both RNAs and the stability of the corresponding dimers ( Figure 2 and Table 1 ). Dimerization of these RNAs is three-to ®vefold slower than that of wild-type HIV-1 MAL RNA. The thermal stabilities of the DISÁR and DISCU RNA dimers are decreased by 11 C compared to the wild-type dimer and their apparent K d values are sixfold higher than that of HIV-1 MAL RNA.
The HIV-1 MAL isolate we used has a G residue at position 273. However, most HIV-1 isolates sequenced to date have an A at that position ( Figure 1B Figure 1B ). These covariations raise the possibility that G ÁU-A or A ÁC-G base-triples may be involved in the formation of the kissing loop complex. Three mutant RNAs were synthesized to test the existence of a base-triple between nucleotides 273, 275 and 278
H and 278). In the mutant DISComp, U275 and A278 were replaced by C and G, respectively ( Figure 1D ). Thus, it contains two compensatory mutations that maintain the self-complementarity of the DIS loop and maintain its ability to dimerize . No signi®cant difference is found between dimerization of wild-type RNA and DISComp RNA on the basis of t m , K d and k a ( Figure 2 , Table 1 and Paillart et al. (1994) ). Since the kissing loop complex formed with wild-type RNA is maintained by four G Á C and two A Á U base-pairs and the dimer of DISComp RNA is stabilized by six G ÁC base-pairs ( Figure 1C ), it is rather unexpected that both dimers have the same stability. This suggests that the stabilization provided by the GÁ C versus A Á U base-pairs is compensated by the destabilization of other interactions. Interestingly, when G 273 of RNA DISComp is replaced by an A (RNA DISCompA, Figure 1D ), the thermal stability of the dimer increases by 8 C ( Figure 2A and Table 1 ). The increased stability of this dimer correlates with an increase of the dimerization rate constant (k a , Figure 2B and Table 1 ). However, stabilization of the RNA dimer by A 273 is independent of the nature of the 275Á 278 H base-pair. Indeed, when G 273 is replaced by an A in the context of the wild-type self-complementary sequence (RNA DISA; Figure 1D ), the dimerization rate is increased by 2.4-fold and the melting temperature of the RNA dimer is increased by 7 C. Taken together, our results with wild-type RNA and mutant RNAs DISComp, DISCompA and DISA indicate that the purine at position 273 (R 273 ) is involved in non-canonical interactions. However, if R 273 forms a basetriple with nucleotides 275 and 278
H , as suggested C steps, incubated ®ve minutes at the desired temperature and an aliquot was loaded on 1.2% agarose gel. To facilitate comparison, the dimerization yields are normalized according to the dimerization yield at 30 C. B, Analysis of the dimerization kinetics. The experimental dimerization data of wild-type and mutated RNAs were introduced into equation 1/M d 1/M d 2 Â k dim Â t corresponding to a second-order kinetics .
HIV-1 RNA Dimerization by sequence comparison, one would have expected a destabilization of the dimer of RNA DISA compared to that of the wild-type RNA.
Preliminary molecular modeling indicated that R 273 is close to the central base-pairs of the kissing complex. Consequently, we constructed two RNA variants with an inversion of the two central nts of the DIS self-complementary sequence (CG 276 instead of GC 276 ) and either a G (RNA DISInv) or an A (RNA DISInvA) at position 273, in order to test the possible interactions between these nucleotides ( Figure 1C and D). The association rate constants and the equilibrium dissociation constants of these variant RNAs are similar to those of the wild-type RNA ( Figure 2B and Table 1) . Surprisingly, the dimers formed by the DISInv and DISInvA RNAs are very resistant to thermal denaturation: they only start to dissociate at 70 C. This result is unexpected since on the basis of base-pair stacking energies, inversion of the two central base-pairs should destabilize the kissing loop complex (by $2.8 kcal/mol). In addition, different results were obtained when these mutations were introduced in the context of RNA 1-311 (see below).
Stability of the 1-311 RNA dimers
Since the dimers of RNAs encompassing nucleotides 1 to 615 of HIV-1 MAL are stabilized by interactions involving the 3 H DLS, in addition to the main contact at the DIS Paillart et al., 1994; Skripkin et al., 1994) , some of the DIS mutations were studied in the context of RNAs spanning nucleotides 1 to 311, which do not contain the 3 H DLS. Due to the lower stability of the corresponding dimer, only 50 to 60% of the wild-type 1-311 RNA is dimeric under our standard conditions (Table 2 ), compared to >80% with wild-type 1-615 RNA (data not shown; Marquet et al., 1994; Paillart et al., 1994) . Accordingly, the melting temperature of the wild-type 1-311 RNA is 12 C lower than that of the 1-615 RNA dimer (Table 2 and Paillart et al., 1994) , and its K d value is increased by ®vefold ( Table 2) . As already noticed with the larger RNAs, the DISComp 1-311 RNA dimer has the same stability as the wild-type 1-311 RNA dimer, while the dimers of DISA and DISCompA 1-311 RNAs, which have the same stability, are substantially more stable than the wildtype RNA dimer (Table 2) . Thus, it appears that the 3 H DLS stabilizes the dimers of wild-type, DISComp, DISA and DISCompA RNAs to a similar extent. These results also con®rm that the presence of A 273 stabilizes the RNA dimer independently of the nature of nucleotides 275 and 278.
The results obtained with DISInv and DISInvA 1-311 RNAs were more surprising. At the standard concentration of 400 nM, these RNAs yielded less than 10% dimer, suggesting that these dimers are quite unstable (Table 2) . Given the low dimerization yield, it was not possible to determine their thermal stabilities. However, determination of their K d values con®rmed this hypothesis. Indeed, we could only obtain a lower estimate of 2.5 mM for the K d values of DISInv and DISInvA 1-311 RNAs. At this concentration, the dimerization yields of DISInv and DISInvA 1-311 RNAs were 38 and 28%, respectively (Table 2) . Thus, inversion of the central nucleotides of the self-complementary sequence increases the stability of the dimer in the context of 1-615 RNA but dramatically decreases it in the context of 1-311 RNA. This result demon- a All data were obtained at an RNA concentration of 400 nM, except those indicated by { which were obtained 2.5 mM. nd, not determined.
strates that subtle modi®cations of the kissing loop complex can strongly in¯uence stabilization by the 3 H DLS. It is also interesting that, in the context of 1-311 RNAs, substitution of G 273 by an A destabilizes the dimer when the self-complementary sequence is GUCGAC (according to the dimerization yields of DISInv and DISInvA 1-311 RNAs at high concentration (Table 2) ), while it has a stabilizing effect when the self-complementary sequence is GUGCAC or GCGCGC. This observation further supports the involvement of R 273 in a non-canonical interaction.
Structural analysis of wild-type and variant 1-615 RNA dimers by chemical probing
In order to gain insight into the structure of the kissing loop complex, we untertook a detailed chemical probing analysis of the dimers formed by the wild-type and mutant RNAs. Since the dimerization yields are much higher with 1-615 RNAs than with 1-311 RNAs, probing experiments were conducted on these. The Watson± Crick positions A-N1 and C-N3 were tested with dimethylsulfate (DMS) and positions G-N1 and U-N3 were tested with 1-cyclohexyl 3-(morpholinoethyl)carbodiimide metho-p-toluene sulfonate (CMCT). The N7 positions of A and G were tested with diethylpyrocarbonate (DEPC) and DMS followed by treatment with aniline. The RNAs were also subjected to lead-induced cleavage, which is very sensitive to subtle structural alterations (Gornicki et al., 1989) . Examples of probing experiments are shown in Figure 3 and the results are summarized in Figure 4 .
With a few exceptions discussed in detail below, the probing data of the wild-type and mutant RNAs are very similar, indicating rather limited structural differences between the kissing loop dimers. As expected from the kissing loop secondary structure model ( Figure 1C) , the Watson± Crick positions of the six nucleotide self-complementary sequence are non-reactive, with the exception of U 275 , which displays a low reactivity towards CMCT in wild-type, DISInv and DISInvA RNAs (Figure 4) . The stability of the dimers formed by wild-type, DISComp and DISInv 1-311 RNAs compared to their counterparts with an A 273 also correlates with the reactivity of the G 274 -N7 (Figures 3  and 4) . For each RNA pair, the one that forms the less stable dimer displays the higher reactivity of G 274 -N7 towards DMS.
As expected from the kissing loop model, all A-N7 positions in the self-complementary sequence are unreactive. Indeed, this position is usually not modi®ed by DEPC when the adenine is involved in an RNA double helix (Ehresmann et al., 1987) . Except for one case, the G-N7 positions in the selfcomplementary sequence are not reactive, which may re¯ect the existence of tertiary interactions involving these nucleotides. Interestingly, the G 277 -N7 position of DISInvA RNA, which forms the least stable kissing loop interaction in the absence of the 3 H DLS, is strongly modi®ed by DMS, while position N7 of the central G residues (G 276 or G 277 ) is unreactive in all other RNAs (Figures 3 and 4) . This result supports the view that in all RNAs, except DISInvA, the two central base-pairs are involved in tertiary interactions. Since these interactions exist in DISInv but not in DISInvA, they most likely involve R 273 .
The three purines surrounding the self-complementary sequence display a characteristic pattern of reactivities. The most striking feature concerns A 280 , which displays a hyper-reactivity of its N1 position, while its N7 position is totally unreactive (Figure 4 ). In the wild-type 1-311 RNA, the reactivity level of A 280 -N1 decreases from hyper-reactive to strongly reactive, relative to the 1-615 RNA, reecting a structural in¯uence of the 3 H DLS on the local structure of the kissing loop complex (data not shown). The A 272 -N1 position is moderately reactive, while the reactivity of A 272 -N7 varies from moderate (DISComp, DISCompA, DISInv) to strong (wild-type, DISA, DISInvA). Reactivity of R 273 is either weak or moderate, compatible with the existence of tertiary interactions involving this nucleotide. When the nucleotide at position 273 is a G (i.e. in wildtype, DISComp and DISInv) its N7 position is weakly reactive or unreactive. In contrast, when nucleotide 273 is an A (in DISA, DISCompA and DISInvA), its N7 position is moderately reactive (Figure 4) . In all cases, the R 273 -N1 position is either unreactive or weakly reactive (or not determined in DISInv). This result suggests that A 273 and G 273 may be involved in slightly different interactions.
In general, two kinds of RNA lead-induced cleavages can be observed: weak unspeci®c clevages generally observed in¯exible unpaired regions, due to free lead ions, and strong speci®c cleavages due to ions coordinated to the RNA (Gornicki et al., 1989) . In the case of wild-type 1-615 RNA, only one strong lead-induced cleavage is observed. It is localized in the DIS loop, 5
H to G 273 ( Figures 3C  and 4) . The lead-induced cleavage is also observed in DISComp 1-615 RNA, although it is weaker. Quanti®cation of the gel of Figure 3C using a Fuji BAS 2000 BioImager reveals a threefold reduction of the cleavage intensity. Lead-induced cleavage of the wild-type and DISComp loops requires a G at position 273, since no cleavage is observed in DISA and DISCompA RNAs. Inversion of the two central nucleotides of the DIS self-complementary sequence totally inhibits lead-induced cleavage, as shown with mutants DISInv and DISInvA ( Figures 3C and 4) . As dimerization is a dynamic and reversible process (Paillart et al., 1996a) , one cannot totally exclude the possibility that the monomeric form of the RNAs, but not the dimer, is cleaved by lead. In order to test this possibility, we used DISC275 1-615 RNA, which has a point mutation in the DIS self-complementary sequence and hence is unable to dimerize (Paillart et al.,
HIV-1 RNA Dimerization Figure 3 . Chemical probing of the wild-type and mutant 1-615 RNAs. Chemical reactions were carried out as described in Materials and Methods and the modi®ed positions were identi®ed by primer extension. A, Modi®cation of RNA with DMS, followed by aniline-induced chain scission allowing probing of positions A-N1, C-N3 and G-N7. Lane 1, control without DMS ; lane 2, DMS treatment for four minutes; lane 3, DMS treatment for eight minutes. A, U, C, and G lanes correspond to a dideoxy sequencing reaction run in parallel on the denaturing polyacrylamide gel. B, Lead-induced cleavage. Lane 1, incubation without Pb(OAc) 2 ; lane 1, incubation with 4 mM Pb(OAc) 2 for ®ve minutes; lane 3, incubation with 10 mM Pb(OAc) 2 for ®ve minutes. A sequencing reaction generated with the same primer was run in parallel (lanes U, A, C, G) . The position of the cleaved nucleotide is shown by an asterisk. 1994). Indeed, this monomeric RNA is not cleaved by lead ( Figure 3C ), strongly suggesting that only the dimeric form of wild-type and DISComp RNAs are cleaved.
Three-dimensional molecular modeling of the kissing loop complex
We used the biochemical and chemical probing data to construct three-dimensional models of the wild-type and DISCompA kissing loop complexes, which correspond to the sequences of the natural HIV-1 isolates ( Figure 5) . A ribbon representation of the wild-type DIS kissing loop complex is shown in Figure 5A . Only three bases are not involved in Watson ±Crick pairing: A 272 , G 273 and A 280 . All bases in the intramolecular and intermolecular (kissing) stems consist of Watson ±Crick basepairs. The three stems (intra, kissing and intra H ) have parallel helical axes with stacking continuity and are topologically similar to the anticodonanticodon dimer of crystallized tRNA Asp (Westhof et al., 1985) . Nucleotides A 272 and A 280 (as well as A It is interesting to note that the path made by residues A 272 -G 273 (A H 272 -G H 273 ) is very similar to that followed by the U 8 -R 9 stretch which precedes the D-helix in tRNA structures (Saenger, 1984) . In tRNAs, residue U 8 leaving the acceptor stem forms a trans Hoogsteen pair with A 14 in the dihydrouridine loop, while R 9 forms a triple interaction with the purine of the third base-pair of the dihydrouridine helix, Y 12 -R 23 , before entering the D-helix. In the kissing loop complex, the triple interactions occur at the fourth base-pair of the kissing stem. The polynucleotide backbone G 271 -G 273 (G 
Discussion
The DIS is the essential part of the DLS in vitro (Laughrea & Jette Â, 1994; Paillart et al., 1994 Paillart et al., , 1996a Skripkin et al., 1994; Muriaux et al., 1995) , and is crucial for ef®cient HIV-1 replication in cell culture (Berkhout & van Wamel, 1996; Paillart et al., 1996b) . We have shown that, in vitro, two RNA monomers form a kissing loop complex via intermolecular interactions of the six nucleotide selfcomplementary sequence located in the DIS apical loop (Paillart et al., , 1996a Skripkin et al., 1994) . In addition, recent experimental evidence suggests that the three purines¯anking the selfcomplementary sequence might be essential for dimer formation , Clever et al., 1996 .
Our results with 1-615 DISÁR and DISCU RNAs show that the unpaired purines contribute to the stability of the dimer and the dimerization kinetics. The observation that these mutants form less stable dimers than the wild-type RNA is consistent with the fact that the kissing-loop complex in HIV-1 RNA dimer is not converted into an extended duplex (Paillart et al., 1996a) . Indeed, the extended duplex of the mutant RNAs would form a long regular double helix, while that of the wild-type RNA would be interrupted by two internal loops (Paillart et al., 1996a) . The importance of the purine residues was also demonstrated by Clever et al. (1996) . Using an in vitro assay performed at 25 C with 200 nucleotide-long RNAs containing the DIS, but not the 3 H DLS, these authors showed that deletion or substitution of the purine residues by U residues abolished dimerization. The mutant RNAs lacking the purines in the DIS loop are reminiscent of the stem-loop structure involved in the dimerization of murine leukemia viruses (MLV; Tounekti et al., 1992; Girard et al., 1995; Berkhout, 1996; Paillart et al., 1996c) . Interestingly, in vitro dimerization of MLV RNA is much slower than that of HIV-1 RNA and has a higher temperature optimum (Roy et al., 1990; Girard et al., 1995) .
Of the 64 possible six nucleotide self-complementary sequences, only two are found in the DIS loop of natural HIV-1 isolates ( Figure 1B ). This observation suggests that only a tiny fraction of the possible self-complementary sequences adopts a loop-structure compatible with dimerization or/and that other functional constraints on the DIS sequence are present during viral replication. Our results with DISInv and DISInvA clearly indicate that not all self-complementary sequences are able to promote RNA dimerization (at least in the absence of the 3 H DLS). The importance of the central dinucleotide has also been pointed out by Clever et al. (1996) who found that two DIS loops containing GCGUGC and GCACGC trans-complementary sequences are unable to form heterodimers. Similarly, two RNAs in which the DIS self-complementary sequences have been replaced by GGGGGG and CCCCCC did not dimerize (Clever et al., 1996) . Evidence for additional constraints on the DIS sequence not linked to the dimerization process also exists. Our data indicate that the stability of the dimers and the dimerization kinetics of DISComp and DISA RNAs are indistinguishable from those of wild-type and DISCompA RNAs, respectively. However, only the latter sequences are found in the natural HIV-1 isolates. In addition, deletion of the entire DIS stem-loop affects replication of HIV-1 more dramatically than substitutions in the DIS loop (Paillart et al., 1996b) . Thus, the DIS stem-loop might bind viral or cellullar factors.
Phylogenetic analysis of the natural DIS sequences ( Figure 1B The dif®culty of identifying base triples from phylogenic data is a well-known problem. It is linked, in part, to the fact that natural mutations in base triples create structural changes that require compensatory changes in neighboring base-pairs to maintain the triple-helix conformation (Gautheret et al., 1995) . In the kissing loop complex, the phylogenetic covariation may re¯ect an additional stabilization between R 273 and the base-pair Y 275 Á R H 278 preceding the one with which it forms a triple. The nature of this stabilization is presently dif®cult to pin-point but could be stacking and/or bifurcated H-bonds between R 273 and Y 275 -R H 278 . A situation similar to that seen in the loop kissing complex was found recently in the binding site of ribosomal protein S8 on the 16 S ribosomal RNA (Moine et al., 1997) . SELEX experiments showed that this binding site contains a base triple, while phylogenetic analysis suggested covariations of the third base with a base-pair adjacent to the one highlighted by SELEX.
The intramolecular interaction between A 273 and G 276 that we propose in the kissing loop complexes formed by DISA and DISCompA RNAs might pre-exist in the corresponding monomers. This interaction would facilitate dimerization, and could account for the faster dimerization kinetics and the higher thermal stabilities observed with these RNAs.
In the DIS kissing loop complex, chemical probing experiments as well as molecular modeling strongly suggest the existence of an A Á A base pair formed between the ®rst and the last nucleotide in the DIS loop. The same interaction apparently exists in the dimer formed by the wild-type and DISCompA RNAs.
To our knowledge, this work presents the ®rst experimental evidence of non-canonical base-pairs and base triple in a kissing loop complex. Indeed, in the kissing loop structures formed by natural antisense RNA with their sense RNA target, such as RNA I/RNA II and copA/copT, which regulate the copy number of plasmids ColE1 and R1, respectively, the interacting loops are fully complementary, leaving no unpaired nucleotides (Simons, 1993) . Complete base-pairing of the two loops in the RNA I/RNA II complex has been demonstrated by NMR experiments (Marino et al., 1995) . Regarding the demonstrated or proposed DIS of other retroviruses, some have fully selfcomplementary loops, while others, including HIV-2 and SIV (Simian immunode®ciency virus) contain unpaired purines in their loops that might be involved in non-canonical interactions (Berkhout, 1996; Paillart et al., 1996c) . However, no structural data concerning these RNA dimers are available.
Materials and Methods

Construction of the HIV-1 DIS variants
Plasmid construction and cleavage by restriction enzymes were conducted according to published procedures (Sambrook et al., 1989) . Plasmid pJCB contains nucleotides 1 to 615 of the HIV-1 genome (MAL isolate; 1 corresponds to the ®rst nucleotide of the genomic RNA) under the control of the promoter of RNA polymerase from phage T7, followed by a PvuII restriction site . Plasmids pDISA, pDISCompA, pDISInv, pDISInvA, pDISÁR and pDISCU were obtained by inverse PCR on pJCB essentially as described (Paillart et al., 1996d) . Plasmid pDISComp has been described . Positions of the mutations are indicated in Figure 1D . The PCR products were phosphorylated, puri®ed on 1% (w/v) agarose gels, ligated and used to transform JM 109 Escherichia coli cells.
RNA synthesis and purification
Plasmids containing the wild-type and mutated HIV-1MAL sequences were linearized with PvuII and transcribed by bacteriophage T7 RNA polymerase. In vitro transcription was for two hours, under previously described conditions (Marquet et al., 1991 
In vitro RNA dimerization
In a typical experiment, wild-type or mutant unlabeled RNAs were diluted in Milli-Q water (Millipore) at 400 nM ®nal concentration with the corresponding radioactive RNA (3 to 5 nCi, 0.01 to 0.04 mg), heated for two minutes at 90 C, and chilled on ice for two minutes. Dimerization was initiated by addition of 2 ml of ®vefold concentrated dimerization buffer (®nal concentration: 50 mM sodium cacodylate (pH 7.5), 300 mM KCl, 5 mM MgCl 2 ). The dimerization yield for wild-type and mutant RNAs was compared after a 30 minutes incubation at 37 C. Samples were analyzed on 1.2% (w/v) agarose gels. Electrophoresis were performed in 45 mM Tris-borate (pH 8.3), 0.1 mM MgCl 2 . Gels were ®xed for ten minutes in 10% (v/v) trichloroacetic acid and dried for 40 minutes under vacuum at room temperature. Dimers and monomers were quanti®ed using a BAS 2000 BIOImager (Fuji) as described Paillart et al., 1994) .
The fraction of RNA dimer is de®ned as the ratio of the dimer to the total RNA species . Thermal stability of the dimers (t m ), dimerization kinetics (k a ) and equilibrium dissociation constants (K d ) were determined as described Paillart et al., 1994 Paillart et al., , 1996a .
Chemical probing of the 1-615 RNA dimers
Chemical probing was performed after the dimerization procedure on 1.6 mg of wild-type and variant 1-615 RNAs in the presence of 2 mg of E. coli total tRNA. RNAs were modi®ed with DMS (Fluka), CMCT (Merck), or DEPC (Sigma) in high salt buffer (300 mM) as described (Baudin et al., 1993; Skripkin et al., 1994) . For DMS modi®cation, the reaction was carried out for four and eight minutes at 25 C in dimerization buffer in the presence of 0.8 ml of DMS freshly diluted 1/20 (v/v) in ethanol. Chain scission at methylated G-N7 was performed by aniline treatment as described (Peattie & Herr, 1981) . CMCT modi®cations were performed at 25 C in 20 ml of D2 buffer (100 mM sodium borate, (pH 8.0), 300 mM KCl and 5 mM MgCl 2 ) in the presence of 5 ml of CMCT (42 mg/ml in water) for 15, 30 and 45 minutes. Modi®-cation with DEPC was done at 25 C with 2.5 ml of DEPC for ten and 20 minutes. For each reaction, a control without the chemical reagent was treated in parallel. All reactions were stopped by ethanol precipitation. Modi®ed bases were detected by extension with AMV reverse transcriptase (Life Sciences) of a 5 H -[g 32 P]ATP-labeled primer complementary to residues 400 to 415 of the HIV-1 RNA as described (Baudin et al., 1993) .
Wild-type and mutant RNAs were also submitted to lead-induced cleavage (Gornicki et al., 1989) . In a typical experiment, 1.6 mg of RNA was allowed to dimerize in an acetate buffer consisting of 50 mM Hepes (pH 7.0), 5 mM magnesium acetate, 300 mM potassium acetate. Pb 2 concentrations varied from 1 to 100 mM and the incubation reaction was for ®ve minutes at 37 C. Optimal Reactions were stopped by addition of EDTA to a ®nal concentration of 50 mM; RNA was precipitated and lead-induced cleavages were revealed as described above.
Three-dimensional molecular modeling
Programs used for the construction of the RNA model are described by Westhof, (1993) . The assembly and connection of the secondary elements into a three-dimensional fold was realized on a graphic system PS300 from Evans and Sutherland using FRODO (Jones, 1978) , adapted for the PS300 (P¯ugrath et al., 1983) . Finally, the generated models were subjected to restrained leastsquares re®nement (Konnert & Hendrickson, 1980) with the programs NUCLIN and NUCLSQ (Westhof et al., 1985) in order to ensure geometry and stereochemistry with allowed distances between interacting atoms and to avoid steric con¯icts. The color views were generated with the program DRAWNA (Massire et al., 1994) .
